Purpose Modic type 1 changes/bone edema in the vertebrae are present in 6 % of the general population and 35-40 % of the low back pain population.
Introduction
Modic type 1 changes are bone edema in vertebrae and have been shown to be both commonly observed in and tightly associated with, low back pain [1, 2] . A recent systematic review showed that the prevalence for any type of Modic change in patients with non-specific low back pain (LBP) was 46 % as opposed to 6 % in the general population [1] . A positive association between Modic type and non-specific LBP was found with a mean odds ratios of 4.5 [4, 5] . These findings are relevant as chronic lower back pain (CLBP) is seldom reliably attributable to specific pathoanatomical causes [3] .
Modic changes are only visible on magnetic resonance images (MRI) and three types have been identified (Types 1-3) [4] . Histological studies of material harvested during surgery, show that Type 1 involve disruption and fissuring of the endplate with regions of degeneration, regeneration, reactive bone formation, endplate edema and vascular granulation tissue [4, 5] . Several studies have examined the reliability of reporting Modic changes and all have shown excellent inter and intra-observer reliability [6, 7] . In comparative studies, Modic changes have demonstrated a higher reliability than other MRI findings, such as disc herniations [8] .
Infection is one of the hypothetical causes of the bone edema underlying Modic type 1 changes [9] . Stirling found nuclear tissue removed under strict sterile conditions during surgery for lumbar herniated discs, to be infected with low virulent anaerobic organisms (Proprionibacterium acnes and Corynebacterium propinquum) in 53 % of the patients [10] . To investigate if skin contamination was the cause of this surprising result, Stirling et al. conducted another study with 207 patients with lumbar disc herniation and 27 patients with other spinal disorders such as scoliosis, fracture and tumors, all patients had nucleus material removed. In 37 % of the patients with lumbar disc herniation bacteria were indentified, mainly P. acnes. Conversely, no (0 %) bacteria were found in the extracted nuclear material in the group with other spinal disorders. If skin contamination was the cause of the bacterial presence in the nucleus material the percentage of infected patients should be very similar [11] . Corsia et al. [12] replicated this and evacuated extruded disc material in 30 lumbar disc herniations: 71 % were infected, 36 % with Staphylococcus and 18 % with P. acnes; and in 30 cervical disc herniations they found 59 % were infected, 37 % with P. acnes. Agarwal et al. [12] cultured material from 52 patients, 10 (19 %) of them were infected and in 7 (70 %) of those, P. acnes was the sole organism isolated. It is thought that these anaerobic mouth and skin commensal organisms gain access to the disc during normal bacteremias as a result of the neovascularisation associated with disc degeneration or herniation [13] [14] [15] [16] [17] [18] [19] [20] [21] . Local inflammation in the adjacent bone may be a secondary effect due to cytokine and propionic acid production, i.e., the infection is in the disc and the Modic change is a ''side effect'' manifest in the bone. P. acnes cannot live in the highly vascularised/aerobic bone and is not present there [22] .
To evaluate the role of P. acnes in the occurrence of later Modic type 1 changes after a disc herniation, a cohort study of 61 immunocompetent patients undergoing surgery for a lumbar disc herniation underwent an MRI examination before surgery and 1-2 years afterwards. Evacuation of nuclear material took place during surgery under strict sterile conditions. The study revealed that 46 % of the patients had infected nuclear material, 84 % of these with P. acnes. The possible role of bacteria in developing Modic changes after a disc herniation was confirmed hence, 20 of the 25 (80 %) with anaerobic cultures developed new Modic changes in the vertebrae adjacent to the previous disc herniation, compared to 16 of the 36 (44 %) with no identified infection or aerobic bacterial infection (n = 2). Fisher's exact test p \ 0.0079 [23] .
In a recently published uncontrolled pilot study, 32 patients with chronic low back pain, following a lumbar disc herniation and of up to 2 years duration associated with Modic type 1 changes/bone edema, were treated with Amoxicillin-clavulanate (500 mg/125 mg) 3 9 day for 90 days [24] . Twenty-nine patients (90.6 %) completed the treatment and three patients dropped out due to diarrhea. At the end of treatment and at long-term follow-up (mean 10.8 months) there was both a clinically important and statistically significant (p B 0.001) improvement in all outcome measures [24] . These results provided additional tentative support for the hypothesis that bacterial infection may play a role in LBP with Modic changes (bone edema).
The aim of this study was to test the efficacy of Modic antibiotic spine therapy (MAST) in patients with chronic low back pain, new Modic type 1 changes in the vertebrae adjacent to a previously herniated disc. Additionally, we investigated whether a dose-response relationship could be identified.
Methods
This clinical trial was conducted at the Spine Centre of Southern Denmark and the participants were recruited from two secondary spine centers. The initial inclusion criteria were: age between 18 and 65 years, MRI-confirmed disc herniation L3/L4 or L4/L5 or L5/S1 within the preceding 6-24 months, lower back pain of[6 months duration, both conservative and surgically treated patients were included, regardless of sciatica, neuropathic pain or not. Individuals who fulfilled these criteria were posted a letter describing the project as well as a questionnaire containing pain drawings and the exclusion criteria: allergy to antibiotics, current pregnancy or lactation, any kidney disease or pending litigation. Subjects who fulfilled final criteria and were interested in participation underwent a repeat MRI; all performed at the Spine Center of Southern Denmark (T1-and T2-weighted images). Individuals were then consecutively recruited into the study if their repeat MRI showed Modic type 1 changes adjacent to the previously herniated disc regardless of size of the Modic change. Modic findings were coded by an experienced research radiologist. With regard to the presence and coding of Modic changes, this radiologist demonstrated a perfect intra-tester reliability (kappa = 1.0) and an excellent intertester reliability (kappa = 0.93) [25] . The size and volume were graded according to the Nordic Modic Protocol [8] : 1 = endplate only, 2 = up to 25 %, 3 = up to 50 % 4 = above 50 % of the vertebrae. Patients also had to have LBP in the area from L1 to L5 with a Numerical Pain Rating Scale score of C6 after adding the current LBP (0-10); the mean LBP during the last 2 weeks (0-10) and worst LBP during the last 2 weeks (0-10) and then dividing by three.
Randomization was performed by the Central Pharmacy, Odense University Hospital using a computer-generated randomization list retained at the pharmacy until after the last patient's 1-year follow-up. Placebo tablets were calcium carbonate and identical in size, color, coating and aluminum packing to the active tablets. All tablets were packed in sealed white cardboard boxes on which only the patient number was printed . Patients and the assessor were blinded to randomization until after completion of the patient's 1-year follow-up. Patients were recommended not to seek any other treatment during the 1-year follow-up period. At both followup treatments by doctors, physiotherapists and alternative treatment providers were registered.
Three independent experts in infectious diseases were presented with the bacterial culture results of Stirling's study [10] and all three recommended amoxicillin-clavulanate. This drug is known to be able to penetrate into the discs [26] . Therefore, treatment consisted of amoxicillin-clavulanate (500 mg/125 mg) (Bioclavid Ò ) tablets three times a day, at 8 h intervals, for 100 days. This long duration of antibiotic treatment is commonly prescribed for post-operative discitis.
The randomization divided patients into four dosage groups: A (n = 45) one Bioclavid tablet, B (n = 36) one placebo tablet, C (n = 45) two Bioclavid tablets, D (n = 36) two placebo tablets. Compliance was measured in daily medication diaries. During their 12-month participation in this trial patients were not provided with any other treatment except mild analgesics, if required.
Study flow
At both baseline and at 1-year follow-up each participant underwent a physical examination and completed self-reported questionnaires. An MRI and blood samples were also taken. The MRI protocol at baseline and at the 1-year followup were uniform and performed by the same staff, blinded to treatment, and in the same MRI machine. At the end of the treatment period, (100 days), patients were also mailed a questionnaire. The patients and the observer were blinded to the allocation and all previous measurements. All physical examinations were performed by the same blinded observer.
At baseline, all patients had a 1.5 h thorough patient education session including important information about; what are Modic changes? Why are they so painful? What is the presumed pathoanatomical pathway for the link between the previous herniation and the present Modic type 1 changes? Why they should not do exercise during the treatment period and so forth. All patients were allowed to take their usual anti-inflammatory and pain relieving medication (treatment as usual).
To avoid a later need for imputation, the project secretary checked every questionnaire for completion, if missing data, the patient was asked to fill in before leaving the center. A project secretary, also blinded to treatment allocation, entered all data in EpiData v3.1 (The EpiData Association, Odense, Denmark), coded under the participant's project number.
Outcome measures
All patients underwent clinical examination and blood tests (serum analysis) at baseline and at end of treatment. Selfreported questionnaires were completed at baseline; end of antibiotic treatment (100 days), and at 12-month follow-up. The outcome measures are presented in Table 1 .
The primary outcome measures were disease-specific disability Roland Morris Questionnaire [27] (RMDQ) and lumbar pain [28] (LBP Rating Scale). A clinically important change was defined as a 30 % reduction of the individual's baseline score and 2 LBP rating scale points [29] ( Table 1) . Secondary outcome measures were global perceived effect, leg pain, hours with LBP during the last 4 weeks, EQ-5D Thermometer, days with sick leave, bothersomeness, constant pain, MRI Modic grading, serum analysis, four test at the physical examination.
Sample size
Power calculations were based on the results of a pilot study, where the patients receiving antibiotics had a median reduction of RMDQ of 3.7 [24] . A sample size of 65 in each group was calculated as necessary to detect a reduction of minimum 3.7 in the antibiotic group on the RMDQ, with a SD of the difference of four and a placebo effect of 1.4 on the RMDQ, for an alpha of 0.05 and a power of 0.90. Dropout due to side effects was estimated to be 10 %. The sample size calculation is based on a two-group comparison hence comparing antibiotics with placebo is the main aim. To fulfill a late request from the Danish Medical authorities a dose-response part was included, but the study is not designed for this tertiary purpose and therefore this is not formally tested.
Statistics
All statistics were performed by an independent professor in statistics at Aalborg University who was blinded to group allocation. Data were analyzed in STATA version 16.
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Differences in binary variables were tested with Fisher's exact test. Continuous data were analyzed with three tests. Firstly, crude an unpaired T-tests; secondly, adjusted for gender and age. Thirdly, if the distribution was not normally distributed, with the Mann-Whitney test. No interim analysis was performed. Analyses were preformed on all patients who participated at the 1-year follow-up and all patients were analyzed in their 'intention to treat' group, regardless of their compliance to the medicine protocol.
Ethics
The study was approved by and registered in: the Danish Medicine Agency and the Scientific Ethics Committee of the Region of Southern Denmark (no. S-VF-20050112), the Danish Data registry, Euro-dract (2005-005500-17), Government Clinical trial registry (NCT00302796) and monitored by the Unit of Good Clinical Practice (GCP), University of Southern Denmark. All patients signed a written informed consent prior to participation.
Results
The study flow chart is shown in Fig. 1 . Of the 162 patients that entered the study 147 (90.7 %) completed the end of treatment questionnaires, 144 (88.9 %) completed the 1-year follow-up (MRI, questionnaires, physical examination).
All baseline variables were equally distributed in the placebo and antibiotic groups ( Table 2 ). The only exception was the volume of Modic changes, where the placebo group had significantly more minute changes (grade 1).
There were no significant differences in age and gender between the 1-year participants and those lost to follow-up; however, there were significantly more smokers amongst those lost to follow-up.
The antibiotic group improved on all primary outcome measures and improvement continued from 100 days followup until 1-year follow-up. In comparison to the placebo group, the 1-year improvement was both statistically significant on all outcome measures and clinically important in terms of the relative magnitude of improvement for the primary outcome measures (Tables 3, 4 ). There were no difference between the groups in the serum analysis at baseline or follow-up (Table 5) .
Patients reported that pain relief and improvement in disability commenced gradually, for most patients 6-8 weeks after start of the antibiotic tablets and for some at the end of the treatment period. Improvements reportedly continued long after end of the treatment period, at least for another 6 months, and some patients reported continuing improvement at 1-year follow-up. A disease-specific disability questionnaire in which the patient answers 23 yes/no questions. The scale width is 0-23, where high scores are worst [27] LBP pain rating scale Three 11-point box scales measuring current pain, the worst within the last 2 weeks and usual pain within the last 2 weeks. These three scores are measured and averaged for both leg and lumbar pain independently [28] Hours with LBP during the last 4 weeks
Number of days during the last 28 days (4 weeks) the participant had experienced LBP (0-28 days), and, on an typical day, how many of the hours awake they experienced LBP (0-16 h). The number of days and hours are multiplied (a 0-448 scale)
EQ-5D: Thermometer Quality-adjusted health status EQ-5D [40] on a vertical Thermometer (1-100), 100 is best
Days with sick leave The number of days within the last year the participant was on sick-leave support from the government Bothersomeness Measured on a 11-point box scale, where 0 = none, 10 = my life is worthless due to my back pain [41] Constant pain Pain that can vary during the day but is always present MRI Volume of the vertebrae with Modic type 1 change, (1) (2) (3) (4) Serum analysis Leukocytes, neutrophils, eosinophils, basophils, lymphocytes, monocytes, P/S creatinine, lactate dehydrogenase, alkaline phosphatase, C-reactive protein antibiotic group were noted, p = 0.006. At 1-year followup 10 patients in both groups demonstrated no Modic changes. A significant decrease in volume was observed in the antibiotic group, where changes of volume 2-4 were reduced to volume 1 (p = 0.05). This reduction was not observed in the placebo group.
Dose response
There was a trend towards a positive dose-response relationship with double dose antibiotics appearing to be more efficacious; however, this was not statistically significant as the trial was not powered for this comparison (results not shown). For a 30 % or more reduction [29] in baseline disease-specific disability (RMDQ), the 'number needed to treat' in the single-dose group was 4.0 (95 % CI 2.1-11.8) and for the double dose group was 3.0 (95 % CI 1.9-5.8).
For the arbitrary threshold of a 100 h reduction in 'painful hours in the last 28 days' the number needed to treat in the single-dose group was 3.0 (95 % CI 1.6-3.9) and for double dose group was 2.0 (95 % CI 1.4 to 2.7).
Unintended effects
Adverse events were more common in the antibiotic group (65 % of participants) compared to the placebo group (23 %). These were mainly low-grade gastroenterological complaints such as loose bowel movements, increased flatus or burping. Middle-grade events were defined as loose bowl movements lasting more than 3 weeks and were reported by 27 % in the antibiotics group and 11 % of those in the placebo group, considerable side effects in 21 and 6 %, respectively. One case of a serious adverse (severe vomiting resulting in blood in the vomit) event was reported in the placebo group and none in the antibiotic group. No difference in the number of adverse effects was observed between the double and single-dose antibiotics.
Discussion
This with Modic type 1 changes in the adjacent vertebral endplates, demonstrated statistically and clinically significant improvements in all outcome measures while patients receiving placebo treatment experienced no or minimal improvement. For the primary outcome measures, diseasespecific disability and lumbar pain, the effect magnitude was also clinically significant. The comparative effect was highly statistically significant for all other secondary outcome measures including: leg pain, global perceived health, number of days with pain, reduced number with chronic pain, physical examination tests, and MRI Modic grading There was a trend towards a dose-response relationship, with double dose antibiotics being more efficacious. The decrease in volume of the lesions in the antibiotic group seen in the follow-up MRI scans perhaps suggests resolution. Perhaps most encouraging for further work in this area has been the finding that the improvements obtained with the current MAST protocol, in this group of traditionally resistant chronic low back pain patients, has been substantially greater than those described with all other established conservative treatments [3] .
On all outcome measures the improvement seen in the antibiotic group at 1-year follow-up was approximately twice that observed at the end of the 100-day treatment period. This could be interpreted as reflecting a biological healing process that starts only when and after the bacteria have been killed.
Proprionibacterium acnes bacteria secrete propionic acid, which has the capacity to dissolve fatty bone marrow and bone. We hypothesize that diffusion of propionic acid from the disc into the vertebrae causes the Modic changes. Similarly, as increased TNF-alfa and the growth of PGP-5 unmyelinated nerve fibers have been reported in Type 1 Modic changes [30] , with the inherent slowness of these pathological processes perhaps explaining the delayed onset of improvement observed in this study.
The reduction of leg pain observed in the antibiotic group was surprising as leg pain is usually ascribed to the compression of the nerve root of the lumbar region not inflammatory changes in the vertebrae. Explanations for this pain reduction include: an amelioration of somatic pain referred from the disc or a diminution of infectious by products from the disc capable of irritating the nerve roots. Table 3 Outcome measures at baseline, 100 days follow-up and 1-year follow-up The placebo group demonstrated minimal or no improvement on most outcome measures in this trial. This reinforces our clinical impression, gained from years of working with CLBP patients with Modic changes that 'Modic pain' is difficult to treat effectively with conservative treatment methods [31] . In the pilot study [24] , participants receiving antibiotics expressed appreciation that their hours with pain were reduced. Similarly, although many still had morning pain, it was of reduced intensity. In the current study, participants commonly reported 16 waking hours of pain at the beginning of the trial and 2-3 waking hours of pain 1 year later, if they had received antibiotics.
Many antibiotics have an anti-inflammatory effect, via TNFa-inhibition. However, amoxicillin-clavulanate (Bioclavid) has been shown to have a very small antiinflammatory effect comparable to other antibiotics [32, 33] and only an inhibitory effect on IL-1 and IL-8, not TNFa which is present in the Modic changes. This was an additional reason for the selection of amoxicillin-clavulanate (Bioclavid) in this study. Normally, anti-inflammatory effects are rapid quite fast-acting, whereas in this study the effect took 6-8 weeks to manifest, more consistent with the clinical course of resolving infection in poorly vascularised infected tissue, i.e., an antibiotic effect.
A possible bias could be that the improvement in the antibiotic group could be a result of additional helpful treatment by the GP or specialists doctors. However. the results demonstrated the opposite. At 1-year follow-up 23.4 % of the patients in the Bioclavid group had consulted a doctor for back pain compared to 41.8 % in the placebo group. This likely indicates that the placebo group was less satisfied with their result and therefore sought additional help.
A significantly larger percentage of patients in the placebo group demonstrated small volume grade 1 Modic changes at baseline which would lead one to expect a more favorable outcome at follow-up. This further emphasizes the power of the effect seen in the antibiotic group. It has been shown that the minute volume 1 Modic changes often disappear. 52 % were no longer visible in comparison to 15 % of grade 2-4 over a 4-year period [34] . For practical reasons the patients had MRI shortly before the 1-year follow-up. The patients had taken the antibiotics for 100 days and this meant the period from the end of treatment to follow-up MRI was only 8-8.5 months. Ideally follow-up MRI evaluation should be carried out at a much later date. Several studies have shown that after discitis or osteomyelitis treated with antibiotics even though the patients improve on all clinical outcome measures there were no improvements observed in the bone edema, indeed, some appeared to worsen [35] [36] [37] . Carragee wrote ''Followup magnetic resonance images often gave impressions of progressive disease, where the clinical picture appeared to improve'' [35] . Studies have shown even 25 months after treatment the bone edema had not healed [36] . To substitute conventional MRI new research has shown promising results with of DCE-MRI (dynamic contrast enhanced MRI), where an observed steep gadolinium contrast curve is believed to represent active inflammation (active bone edema), compared to a flat gadolinium uptake curve which represents noninflammation (passive bone edema) [38] . The changes seen in the follow-up MRI scans in this study are compatible with the conclusion that the clinical gains reflect a true antimicrobial effect.
Only a very limited number of patients had increased serum inflammatory markers. This was expected, as the infection has a low virulence and the disc is an avascular structure. The result is in accordance with the pilot study [24] and others concerning spondylodiscitis due to infections caused by P. acne bacteria [39] .
The trend favoring double dose antibiotics not reaching significance is likely to reflect a classical type two error, comparing two very active treatments. Such a study requires greater numbers in each group.
To the best of our knowledge, this is the first RCT studying the effect of antibiotic treatment in CLBP. The effects reported here in Modic type 1 (bone edema) patients with CLBP are large and have been observed in patients following lumbar disc herniation with and without surgery. The extent to which the results can be generalized to Modic changes types 2 and 3 is not presently known, though it is hypothesized that Type 1 and Type 2 Modic changes are different stages in the same pathological process [5] .
High-dose long-term antibiotics should not be prescribed without due consideration. Clearly in a condition as common as CLBP there is a potential community as well as individual hazard if used indiscriminately. However, as many patients, as in this trial, are on sick leave, at risk of losing their jobs and have a high analgesic intake, we suggest that antibiotics, when applied along the lines of this MAST protocol may be appropriate in this subgroup, i.e., CLBP with Modic type 1 changes. We do not support the proposition that all patients with lumbar pain should have a trial course of antibiotics. The criteria in this study were very clear: CLBP for more than 6 months, Modic type 1 changes in the adjacent vertebrae following a previous disc herniation. As we do with other drugs, we rely on our fellow colleagues to use clear evidence-based criteria and to avoid excessive antibiotic use. We also suggest more confirmatory work in other populations, for example, Modic type 2 changes, and studies on improved protocols should be supported.
Conclusions
In this double-blind RCT patients with CLBP and Modic type 1 change (bone edema) following a lumbar disc herniation, who were treated with antibiotics obtained statistically significant improvements compared to the placebo group in all measured parameters, including: the primary outcome of disease-specific disability, back pain intensity, and the secondary outcomes of, leg pain intensity, general improvement, number of hours with pain, reduced number with chronic pain, physical examination tests, and MRI Modic grading. Only four participants (2.8 %) stopped treatment due to side effects, which were mostly gastroenterointestinal. For the primary outcome measures, the effect size was clinically important in magnitude and substantially greater than all currently established treatments.
Antibiotics could be considered as a treatment option for this special subgroup of patients with CLBP and Modic type 1 changes after a lumbar disc herniation when all other treatment options have failed. More confirmatory work in other populations and studies on improved protocols as well as the background science should be encouraged.
